The aim of this study was to evaluate the course of soil temperature under the winter oilseed rape canopy and to determine relationships between soil temperature, air temperature and partly soil moisture. In addition, the aim was to describe the dependence by means of regression equations usable for pests and pathogens prediction, crop development, and yields models. The measurement of soil and near the ground air temperatures was performed at the experimental fieldŽabčice (South Moravia, the Czech Republic). The course of temperature was determined under or in the winter oilseed rape canopy during spring growth season in the course of four years (2010 -2012 and 2014). In all years, the standard varieties (Petrol, Sherpa) were grown, in 2014 the semi-dwarf variety PX 104 was added. Automatic soil sensors were positioned at three depths ( (205)(206)(207)(208)(209)(210)(211)(212)(213)(214)(215)(216)(217)(218) instruments enables relatively accurate modelling of soil temperatures (R 2 = 0.95).
Introduction
Soil temperatures influence many processes connected with plant growth and development. On the basis of linear and segmented-non-linear regression models, Vigil et al. (1997) estimated the base temperatures for spring canola emergence to be 0.4 and 1.2 • C. Håkansson et al. (2011) found out, that under optimum seedbed conditions, thermal time required for 50% germination of rape or white mustard seed about 40 • C days (days above 0 • C) were required for germination and about 8 • C days cm −1 for the seedling growth. The soil temperature can also affect the activity of different plant pathogens and pests. From these reasons the soil and near the ground air temperatures course can be necessary for modelling of many processes concerning plant growth and development and prediction of pest and pathogens occurrence. They are not usually at disposal on the crop stand; on the other hand, air temperatures are measured sometimes in the vertical profile of crop canopy (e.g. Krédl et al., 2012) . Pokladníková and Rožnovský (2007) completed gaps in soil temperature databases based on correlation relation between soil temperatures measured at different depths. Pokladníková and Rožnovský (2006) investigated long-term winter soil temperature in Pohořelice (South Moravia, the Czech Republic). They interpolated the point data by Surfer 8.0 software for the whole vertical profile (0.05 to 1 m).
There are not many studies evaluating the soil microclimate under the canopy in regard to major field crops grown in Mid-European climate. The shape, dimensions and the geometrical structure of a specific plant species play important roles in the development of the canopy microclimate (Matejka and Huzulák, 1987) . In our previous work (Krčmářová et al., 2013) , we evaluated the course of soil temperatures under winter wheat canopy and we determined relationships between soil temperature, air temperature and partly soil moisture. The review of influence of shape, dimension and the geometrical structure of particular crop canopy and relationship between air and soil temperatures within the agroecosystem is given in this publication.
The aim of this study was to evaluate the same phenomenon for the winter oilseed rape as for the above mentioned crop.
Material and methods
The measurement was performed at the experimental field stationŽabčice (Europe, the Czech Republic, South Moravia). The agrometeorological and pedological conditions of the locality are described by Krčmářová et al. (2013) .
The experimental fields were planted with winter oilseed rape variety Petrol in 2010 and 2011 and Sherpa in 2012 and 2014. These varieties have the same morphological character and architecture of stand (i.e. shoot branching, vegetation length, length of plants, and resistance to lodging). In the year 2014 semi-dwarf variety PX 104 was also used. The spacing of the canopy was 0.125 m between rows in population 38 -43 plants per m 2 in average.
Soil and air temperatures were measured by automatic digital temperature sensors (Dallas semiconductor, DS18B20 type). The near surface air temperature sensors were placed in a radiation shield in 0.05 m level above soil surface in oilseed rape canopy. The soil sensors were placed in the soil under the rape canopy in the depths of 0.05, 0.10, and 0.20 m under soil surface. The data were taken and stored in a data logger at fifteen-minute intervals. The hourly values of air and soil temperatures were obtained as the arithmetic average of the fifteen-minute data. The VIRRIB (Amet, Velké Bílovice) sensors were used for measuring the volumetric soil moisture. The sensors measured hourly soil moisture in 0.20 and 0.40 m depth (horizontally placed sensors) and in 0.10 -0.40 m depth (vertically placed sensor).
With regard to the technical and time requirement of the exact establishment of leaf area index -LAI (the practise requires a simple and fast method of canopy evaluation), canopy growth and its stages were measured according to the BBCH scale (Meier, 1997) . The main vegetation period of rape (April to July) was divided into four stages: I. BBCH 30 -59 (stem elongation to inflorescence emergence), II. BBCH 60 -69 (flowering), III. BBCH 70 -79 (development of fruits), IV. BBCH 80 -89 (ripening).
The range of the near surface air and soil temperatures was plotted as a box plot in the year 2014 for both varieties. The regression analysis was carried out to evaluate interrelationships between soil temperature measured under the winter rape canopy and air temperature in the same canopy. As the course of temperatures in soil can be delayed, cross correlations were computed for this evaluation (software STATISTICA, ver. 12). These models were tested with the coefficient of determination (R 2 ), as well. For soil temperature modelling based on the near surface air temperature and soil moisture in the 0.10 -0.40 m profile, multiple regression with quadratic spacing (modelling of hourly soil temperature under canopy based on the hourly near surface air temperature and hourly soil moisture in the 0.10 -0.40 m profile) was used (software STATISTICA, ver. 12). The average soil temperature (from 15-minute data), per average of experimental years for standard hybrid (hybrid with standard length of plants) and for every developmental period, was delineated in the form of 2D nomogram (software SURFER, ver. 10) by means of the Kriging interpolation method. The same was done individually for variety Sherpa and PX 104 in the year 2014. Average daily increase (ADI) of air and soil temperatures SET 10 in particular development stages is given in Table 1 . The course of SET 10 was much slower for PX 104 variety. The maximum difference of ADI of SET 10 Fig. 1 . The range of near ground air temperature and soil temperatures under winter oilseed rape canopy and its descriptive statistics (median, minimum, maximum, first quartile, third quartile). Notes: NGT = near ground air temperature, ST = soil temperature.
Results and discussion
was determined in stage II for air (34.34 • C) and in stage IV for soil temperatures (82.37 • C).
The course of air and soil temperature during vegetation period can be also necessary for prediction methods of some oilseed rape pathogens and pests. The appropriate temperature and humidity are inevitable for development of several pathogens stages, too. For example, important pathogen, Sclerotinia sclerotiorum, which causes Sclerotinia stem rot of rape, develops sexual ascospores in fruiting bodies apothecia which are formed on fungi mycelium firm bodies, called sclerocia. Carpogenic germination of sclerocia (apothecia formation) occurs from 10 to 25 • C with optimum 20 • C (Matheron and Porchas, 2005; Mila and Yang, 2008; Wu and Subbarao, As is broadly discussed in Krčmářová et al. (2013) , soil temperatures can be influenced by cover of plant canopy and its changes during the year, the spring vegetation period of winter oilseed rape was divided into four stages. Detailed course of soil temperatures and stratification was expressed as 2D nomograms. As can be seen from the tribution in particular depth measured was much more pronounced under Sherpa canopy, the maximum differences were found during daylight and reached from 3 • C in the stage of spring regeneration to 5 • C in ripening stage. On the other hand, these differences were very slight under PX 104 and reached about 1 • C. These phenomena can be elucidated by different plant morphology and canopy architecture of particular oilseed rape variety. Costes et al. (2013) stressed that the individual plant form, especially the spatial distribution of leaves in space, can determine the within plant microclimate. Also Calonnec et al. (2013) and Tivoli et al. (2013) in their reviews pointed out the role of canopy architecture on microclimate, especially for wetness, air ventilation and air temperature. These variables can subsequently influence soil temperatures. Different types of soil tillage must be also taken into account (Sarkar et al., 2007) .
The dependence of hourly soil temperatures under winter oilseed rape canopy on the hourly near surface air temperature was also evaluated. However, this prediction cannot be calculated from air temperatures recorded at the same time. As it was found out by cross correlation analysis, the best interrelationships between these two variables were achieved in 2 hours delay for the soil temperature in 0.05 m, 4 hour delay for 0.10 m and 7 hour delay for 0.20 m for standard varieties (Sherpa and Petrol). For PX 104 this delay reached 6 hour for the soil temperature in 0.05 m, 7 hour delay for 0.10 m and 11 hour for 0.20 m. These delays were slightly different from those determined for wheat by Krčmářová et al. (2013) . After the time correction, the determination coefficient reached values from 0.67 to 0.95 for 0.05 m, 0.50 to 0.84 for 0.10 m in standard varieties during all experimental years (Table 2 ). For variety PX 104 this coefficient reached values from 0.51 Siebold and von Tiedemann (2012) also found high correlation between air temperatures measured in meteorological station and soil temperatures in depth 0.05 and 0.15 m, respectively, but they used Spearman rank correlation.
Modelling of hourly soil temperature under the oil rape canopy for the depth of 0.05 m from April to July 2014 (Sherpa variety) was also performed. Correlation among variables was defined by linear regression of the hourly near surface air temperature (i.e. in 0.05 m height above soil surface) in the canopy and the delayed hourly soil temperature under canopy (outcome of cross correlation). The difference among the measured and modelled soil temperatures was -5.85 to 8.50 • C. When using multiple regression with quadratic spacing (modelling of hourly soil temperature in under canopy based on the hourly near surface air temperature and hourly soil moisture in the 0.10-0.40 m profile), the difference between the measured and mod- would be widely applicable when using the data from various meteorological and pedological conditions. Kätterer and Andrén (2009) developed different model based on air near ground temperature and LAI of oilseed rape plants, which predicted in 95% of simulated daily soil temperatures differ by less 2.8 • C from measurement. Our results give possibilities to make more accurate growth models and prediction methods of some pathogens or pests occurrence.
Conclusion
The impact of year, variety, winter oilseed rape canopy structure and the growth stage on the soil temperature in various depths was determined. Detailed course of soil temperatures and their stratification in the soil profile for particular vegetation periods was expressed by 2D nomograms. The time delay of soil temperatures under rape canopy in comparison with air temperatures was quantified by cross correlations. The regression between soil temperature, air temperature and partly soil moisture in the winter oilseed rape stand was established. These findings can be used in making more accurate prediction models of pathogens and pest occurrence on winter rape, in crop and yield development, soil evaporation, soil heat fluxes etc.
